Special AT-rich sequence-binding protein 1 (SATB1), predominantly expressed in thymocytes, was identified as a component of the nuclear matrix protein fraction. Programmed cell death of Jurkat T-cells was induced by various stimuli in Fas-dependent and -independent fashion. During apoptosis, but not during necrosis, SATB1 was cleaved, as rapidly as was lamin B, in a caspase-dependent way yielding a stable 70 kDa fragment. The same result was obtained for apoptotic HL60-cells. We constructed various deletion constructs of SATB1, expressing protein chimeras tagged with green fluorescent protein (GFP). Transient transfection of these into Jurkat or HeLa cells followed by initiation of apoptosis allowed us to map the potential caspase-6 cleavage site VEMD to the N-terminal third of SATB1, leaving an intact DNA-binding domain in the C-terminal part of the protein. Our results suggest that apoptosis-specific breakdown of SATB1, a transcriptional activator of the CD8a gene, might be of physiological relevance during thymic clonal deletion and apoptosis of peripheral T-lymphoid cells. Cell Death and Differentiation (2000) 7, 425 ± 438.
Introduction
Apoptosis is the currently used synonym for programmed cell death (PCD), a highly ordered and active suicide, determined on a genetic basis and highly conserved throughout evolution. 1 ± 4 PCD is involved in normal development, tissue homeostasis, immune response and tumor control. A variety of human diseases arise from abnormalities in apoptosis execution, resulting either in excessive removal of cells (e.g. neurodegenerative diseases) 5 or in inadequate accumulation of cells (e.g. cancer). 6 ± 8 Apoptosis functionally antagonizes mitosis, as exemplified by a disturbance of a normal balance between proliferation and cell death during neoplastic progression, a crucial step in malignant conversion. 9 Even in most advanced malignancies the cell death machinery remains intact, but cells lack or repress regulatory mechanisms to activate the death program sufficiently to balance enhanced cell production. 10 Necrosis, a different form of cell death, is caused by severe damage of cellular homeostasis. 5, 11 Necrotic cells swell and lose the protective function of the plasma membrane, concomitant with anucleolytic pyknosis. Contrarily, apoptotic cells shrink, leaving the plasma membrane almost intact, and undergo profound nuclear changes, accompanied by chromatin, condensation, oligonucleosomal DNA cleavage and cellular fragmentation resulting in the appearance of apoptotic bodies. 12, 13 Apoptosis can be triggered by a variety of inducers, ranging from ionizing radiation, DNA-damaging agents, lack of growth factors, chemotherapeutic agents to activators of cell surface death receptors. 14 ± 16 Despite the divergence of death inducers, most of the resulting signaling cascades seem to converge into a common execution pathway, characterized by activation of a family of cysteine proteases, the caspases. Most commonly, highly ordered intra-and intermolecular activation of caspases leads to proteolytic destruction of a continuously growing list of target proteins. 3, 17 Accumulating evidence suggests, that these caspase target molecules constitute elements for structural and functional integrity of the cell and particularly that of the nucleus. 18 The nuclear structure is considered to be dependent on an intrinsic interaction of nucleic acids with a proteinaceous scaffold of nuclear matrix proteins. 19, 20 A key role in maintaining structure has also been proposed for AT-rich DNA-sequences, termed matrix-attachment regions (MARs) 21 or scaffold-attachment regions (SARs). 22 These are implied in a specific anchorage of chromatin loops to the nuclear scaffold. 23 MARs are often found at the boundaries of transcription units, possibly defining actively transcribed genes, but are also detectable near regulatory sequences, such as enhancers. Furthermore, MARs have been demonstrated to stimulate expression of reporter genes and to enhance chromatin accessibility, when stably integrated into the genome. 24, 25 A variety of MAR-binding proteins have recently been identified and characterized. These proteins, mostly considered as functional constituents of a nuclear matrix, such as topoisomerase II, 26 special-AT-rich binding protein 1 (SATB1), 27 histone H1, 28 scaffold-attachment factors (SAFs) A and B, 29, 30 nucleolin, 31 mutant p53, 32 lamins B1, 33 A and C, 34 and a 114 kDa breast cancer-specific MAR-binding protein, 35 are keyplayers in fundamental nuclear processes. Accumulating evidence suggests, that SATB1, and possibly other MAR-binding proteins, may be involved in tissue-specific gene regulation. SAF-A, 36 lamin B1 37, 38 and lamins A and C 39 have been reported to be cleaved during apoptosis, as is true for other nuclear proteins, such as NuMa, 12, 40, 41 poly-(ADP-ribose)-polymerase (PARP), 42 topoisomerase I, 43 and the lamin B receptor. 44 The list of nuclear matrix proteins serving as caspase substrates is increasing, the cell systems and death inducers, however, used to collect these data are unfortunately extremely heterogeneous. The lack of systematic data on proteins of the nuclear scaffold affected during apoptosis of a particular cell type prompted us to increase our knowledge from previous work. 45 In rat fibroblasts we observed time-dependent alterations of NMPs during apoptosis, induced by withdrawal of serum. 45 We changed to a well established human cell system and comprehensively studied Fas-induced apoptosis of Jurkat T-lymphoblastoid cells (Gerner et al. in preparation) . In the course of our studies we identified SATB1 as being cleaved into a stable 70 kDa fragment at early stages of apoptosis.
SATB1 is a component of the nuclear matrix 46 predominantly expressed in the thymus. It was originally cloned on the basis of its ability to bind AT-rich MAR-stretches, displaying a so-called ATC-context with high base-unpairing potential under superhelical strain.
27 SATB1 possesses a homeodomain, resembling those of transcription factors, functionally promoting the DNA-binding capacity of SATB1.
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SATB1 was found to suppress transcription driven by the MMTV (mouse mammary tumor virus)-promoter. 48 In contrast, Banan and co-workers 49 ascribed transcriptional activation of the CD8a gene to SATB1, antagonizing CDP/ Cux. CDP/Cux is, likewise, a homeodomain MAR-binding protein functionally repressing transcription of target genes by competing e.g. with SATB1 for regulatory binding sites. An implication of SATB1 function in thymus development is supported by showing maximum expression of the protein during the first wave of T-cell maturation. 50 Characterization of SATB1 cleavage revealed proteolysis to occur specifically during apoptosis and we provide evidence for a possible involvement of caspases. Triggering apoptosis in different cells and using various inducers did not change the cleavage pattern. We applied the GFPtechnology to further characterize the biochemical and cell biological events, successfully mapped the potential cleavage site, and studied subcellular changes of SATB1 mutants. Our results suggest that apoptosis-specific breakdown of SATB1 might be physiologically relevant, particularly during apoptosis of thymic and peripheral T-cells.
Results

Time course of apoptosis and cleavage of SATB1 in Jurkat cells
Based on our previous data on NMPs affected during apoptosis of serum-starved rat fibroblasts, 45 we extended the systematic analysis to a well-defined human system, namely Fas-mediated cell death of Jurkat T-lymphoblastoid cells. Under serum-free conditions, as commonly used, a considerable percentage (up to 30 ± 35%) of untreated cells entered apoptosis ( Figure 1A ). Apoptosis was, therefore, induced in medium supplemented with 1% fetal calf serum (FCS). This significantly reduced apoptosis in controls while the kinetics and incidence of apoptosis after anti-Fas treatment showed negligible differences ( Figure 1A ). Candidate proteins, proteolyzed in apoptosis, were registered by comparison of high-resolution 2D-gel patterns and identified by classical and modern methods of proteome analysis (Gerner et al. in preparation) . Among the proteins degraded, SATB1, a MAR-binding protein highly expressed in the thymus, 27 raised our interest based on its functional properties in influencing transcription. Figure 1B (upper panel) clearly demonstrates the cleavage kinetics of SATB1 during Fas-mediated cell death in Jurkat cells. SATB1, although its calculated M r is 86 000, migrated at a M r of 103 000 in SDS ± PAGE. This unexpected electrophoretic mobility has previously been reported. 27 Cleavage of SATB1 was first detectable 2 h after application of anti-Fas antibody and progressed with ongoing increase of apoptotic cells, leading to substantial conversion of the native 103 kDa protein to a 70 kDa cleavage polypeptide within the first 8 h ( Figure 1B , upper right panel). This proteolysis could not be observed in controls ( Figure 1B , upper left panel). The same cleavage pattern was obtained using the protein kinase inhibitor staurosporine to induce PCD ( Figure 1B, lower panel) . The kinetics of apoptosis was similar to Fas-induced, the conversion to the 70 kDa fragment appeared to be more complete. In both cases approximately 70 ± 90% of SATB1 were degraded after a period of 8 ± 10 h. The proteolytic product was stable over a period of 16 h of ongoing apoptosis (data not shown). The remaining fragment of SATB1 with an expected molecular weight of 25 ± 30 kDa was not recognized by anti-SATB1 antibodies.
SATB1 cleavage is apoptosis-specific and caspase-dependent
Western analysis of other nuclear proteins, lamin B and nucleolin (C23), served as internal cleavage and loading controls for Fas-induced cell death (Figure 2A ). While lamin B, a well characterized target of caspase-6, 37 was digested at a kinetics similar to that of SATB1, the nucleolar marker protein nucleolin remained unaffected (Figure 2A ), as has been described for HL-60 cells by Martelli and co-workers. 51 Furthermore, the cytosolic protein GAPDH was not cleaved (Figure 2A ), but was found translocated to the nucleus as early as 1 h past anti-Fas application (data not shown), as described in more detail for neuronal and non-neuronal cell systems, respectively. 52 To check the specificity of SATB1 proteolysis during apoptosis, we induced necrosis by depletion of endogenous ATP by oligomycin (O) or a combined oligomycin/ staurosporine (OST) treatment. The latter was found to accelerate necrosis, measured by the trypan blue exclusion assay (data not shown). Immunostaining of lysates from necrotic Jurkat cells revealed that SATB1 was unaffected during necrosis, measured 3 (50% necrotic cells) and 6 h (85% necrotic cells) past induction ( Figure 2B , O3, O6, OST3, OST6). On the other hand, SATB1 was nearly completely proteolyzed when apoptosis was triggered by staurosporine alone (Figure 2B, ST6) . Likewise, lamin B was cleaved in an apoptosis-specific manner ( Figure 2B) .
We, then, used a variety of protease inhibitors to gain more functional insight into the nature of SATB1 cleavage. In all cases, when cleavage was blocked, we could not detect any morphological evidence of apoptosis. This was true for TPCK ( Figure 2B ), inhibiting chymotrypsin-like proteases, as well as for the peptide inhibitors, blocking caspase activities. Ac-YVAD-cmk, primarily affecting activity of caspase-1, as well as DEVD-CHO, blocking caspase-3 action, both abrogated SATB1 and lamin B cleavage, respectively ( Figure 2B , YVAD, DEVD). Inhibition of caspase activity was concentration-dependent for all peptide inhibitors, as exemplified in the case of benzoyloxycarbonyl-VAD-fmk, a pan caspase-inhibitor, which only partially blocked SATB1 cleavage when used at 1 mM ( Figure 2B, VAD1 ), but complete abrogation was observed at 10 mM ( Figure 2B, VAD10) . In contrast, the serine protease inhibitor, TLCK ( Figure 2B ), and the calpain blocker calpeptin ( Figure 2B , calp.) did not abolish cleavage of SATB1 or lamin B, respectively (compare to Figure 2B , Fas). Therefore, data presented so far are consistent with an assumption that fragmentation of SATB1 was apoptosis-specific and most likely mediated by caspase activities.
Nuclear matrix association of the cleavage product of SATB1
Subcellular fractionation tests confirmed previous data 46 that approximately 30 ± 50% of SATB1 were solubilized from cell homogenates upon detergent treatment. We also found a considerable amount (20%) solubilized after DNAse treatment. Concomitant application of distamycin A, competing with DNA-binding proteins for minor groove binding sites, did not increase the solubility of SATB1. Similar results were obtained for the apoptotic 70 kDa fragment, which, contrary to intact protein, was not extracted by DNAse treatment (all data not shown).
We separated nuclear matrix proteins (NMPS) from apoptotic (Anti-Fas) and control (Con) Jurkat cells ( Figure  3 ) by high-resolution 2D-electrophoresis. We took samples from 4 h anti-Fas-treated cells for immunostaining to detect both full-length and digested SATB1, while silver stained 2D-gels were made from control and 8 h (80 ± 90% degradation) anti-Fas treated Jurkat cells to demonstrate absence and emergence of SATB1-fragment spots more clearly. Immunostaining with anti-SATB1 serum clearly demonstrated three distinct (pI-range: 5.7 ± 5.8) spots of the 70 kDa degradation product ( Figure 3 , anti-Fas, small arrow). Intact SATB1, as in control preparations (Figure 3 Con, large arrow) focused as a smeary band (pI-range: 5.9 ± 6.4). The spot appearance of the fragment lead to the assumption that SATB1 is post-translationally modified. Protein spots corresponding to the apoptotic SATB1 fragment were undetectable in controls after silver staining (Figure 3 left, Con, small arrow). Lamin B, a caspase target serving as control, was nearly completely degraded 8 h past anti-Fas induction ( Figure 3 , open circles, Con and anti-Fas). Conclusively, the detergent insoluble pool of the apoptotic 70 kDa fragment remained associated with the nuclear matrix fraction and proteolysis exerted no obvious effect on the potential phosphorylation or ADP-ribosylation state of the molecule.
Cleavage is not restricted to T-cells
Low levels of mRNA of SATB1, predominantly expressed in the thymus, have been detected in other tissues. 27 Using reverse transcriptase-polymerase chain reaction (RT ± PCR), Cunningham and co-workers demonstrated the existence of SATB1 transcripts in several hematopoietic cell lines, 53 among them promyelocytic HL-60 cells, which expressed much less of SATB1 than did Jurkat cells ( Figure  4A ).
To test whether cleavage of SATB1 was restricted to T-lymphoid cells, apoptosis of HL-60 cells was triggered by camptothecin. Anti-SATB1 staining of apoptotic HL-60 cell lysates revealed the presence of a fragment comparable in size to that observed in Fas Untreated cells served as negative control (CON), anti-Fas-treated cells used as positive control (Fas). Necrosis: Apoptosis was induced with staurosporine for 6 h (ST6). Necrosis was triggered by treatment with oligomycin (O3/6) alone or in combination with staurosporine (OST3/6) for 3 and 6 h, respectively. Cells were split into equal parts and one half analyzed for viability with the trypan blue exclusion assay, the remaining half for SATB1 cleavage by immunostaining. The blot was stripped with 0.2 M glycine, pH 2.3 for 2 min and re-probed for lamin B cleavage to verify apoptosis
Cleavage site mapping
In an effort to map the site of proteolytic cleavage and to study the intracellular changes during apoptosis we cloned the SATB1-cDNA by RT ± PCR from Jurkat poly-A(+)-mRNA to produce recombinant SATB1 and mutants thereof. The integrity of the cDNA was confirmed by extensive restriction analysis and bacterially expressing a (His) 6 -tagged fusion protein, which (a) was recognized by anti-SATB1 serum and (b) showed the same anomalous electrophoretic mobility, as endogenous Jurkat SATB1 (data not shown).
We next constructed green fluorescent protein (GFP) chimeras, as outlined in the schematic drawings in Figures  5 and 7 . A GFP-full length(fl)-SATB1 construct, designated 37, was transiently transfected into Jurkat cells by electroporation and total cell lysates were analyzed by Western blotting. Anti-GFP mAbs did not stain any crossreacting proteins in untransfected cells of wild-type, necrotic or apoptotic origin, while anti-SATB1 serum stained both intact and proteolyzed SATB1 in these lysates ( Figure 5B ). In 37-transfected Jurkat cells ( Figure 5B , 37-Fas/-Camptothecin) exposed to anti-Fas or camptothecin, anti-GFP mAb recognized the full length recombinant fusion protein with an apparent M r of 130 000. In addition, a cleavage product, possessing the N-terminally located GFP-molecule, with a molecular weight of 58 kDa was detected ( Figure 5B, arrow) . Polypeptides of corresponding M r were stained by anti-SATB1 antibodies, which, as in lysates from untransfected cells, additionally recognized endogenous SATB1 and the apoptotic 70 kDa fragment ( Figure 5B , satb1). Staining intensities of the N-terminal 58 kDa fragments were low, suggesting little antigenicity of this region to SATB1 polyclonal antibodies, possibly because the serum was raised against recombinant SATB1 with an N-terminal deletion of 59 amino acids. 27 This may explain why we never detected this N-terminal cleavage product in apoptotic lysates. A faint staining was observed, only when the fusion protein was overexpressed 15 ± 20-fold.
In the deduced amino acid sequence of human SATB1 (accession number M97287) 27 only one site bearing similarity to known consensus sequences for caspase cleavage 54 was detected. The 4 amino acid stretch VEMD (aa 251 ± 254) matches cleavage motif sequence VExD, 54 proposed for caspase-6 (see Figure 5A ). The calculated molecular weight (57.3 kDa) of the expected Nterminal fragment after in silico cleavage of the GFPchimera nearly exactly matched the experimentally derived value (58 kDa, Figure 5A ,B). Evidently, the C-terminal Figure 3 Nuclear matrix proteins (NMPs) from control and apoptotic Jurkat cells. The nuclear matrix protein fraction was prepared as described. 76 NMPs from control (CON, upper panels) and anti-Fas induced Jurkat cells (lower panels), respectively, were separated by 2D-isoelectric focusing (IEF) gel electrophoresis and either silver stained (left panels) or subjected to Western analysis with anti-SATB1 serum (right panels). The large arrow indicates the position of intact SATB1, the apoptotic fragment is pointed by a small arrow. Open circle: position of lamin B. Note, that Western analysis was done on mini 2D-gels (866 cm), while the silver stained pattern shows a representative inset from large (16612 cm) gels. This explains the apparent difference in pI positions of intact and degraded SATB1 fragment, as depicted in Figure 5A and verified by immunostaining as a prominent band ( Figure 5B ), is identical after proteolysis of both endogenous and recombinant SATB1. Apparent and calculated molecular weights of this C-terminal polypeptide, however, differed markedly by some 11 kDa (70 ± 58.4 kDa). We propose, that the polyglutamine stretch (Q15; aa 593 ± 607) in this Cterminal fragment was responsible for the experimental discrepancy observed.
Subcellular localization of the N-terminal fragment in the course of apoptosis
The N-terminal cleavage product lacks both domains considered responsible for MAR/SAR-binding of SATB1. 55 Confocal microscopic images of GFP-SATB1 transfected Jurkat cells at various stages of apoptosis are shown in Figure 6 .
In untreated cells SATB1 was found almost homogeneously distributed throughout the nucleus sparing structures reminiscent of nucleoli (Figure 6 ; Control). At early stages of apoptosis, when chromatin collapsed at the periphery of the nucleus, fragmented SATB1 remained in the nuclear interior, but was clearly excluded from DNA ( Figure 6 ; 2 h). At late stages of apoptosis, after breakdown of the nuclear envelope and advanced cleavage of SATB1, the N-terminal fragment localized to the cytoplasm almost lining emerging micronuclei ( Figure  6 ; 4, 6 h). These data corroborated our proposal of caspase cleavage site, leaving an N-terminal fragment, which loses the affinity to chromatin and relocates to structures free of DNA.
Intracellular changes of SATB1 deletion mutants
We produced GFP-tagged deletion constructs, depicted in Figure 7 denoted as 38, 39 and 40, to determine domains necessary for nuclear targeting and possibly reflecting subcellular localization changes during apoptosis. HeLa to analyze the mutant proteins in a`SATB1-negative' background, since expression is below the detection limit at the immunostaining level (data not shown). Secondly, to enable better morphological evaluation than in the small Jurkat cells, containing large nuclei and a small rim of cytoplasm. Subcellular localization results of all mutants were identical in both cell types (Figures 7 and 8B , and data not shown).
Full length SATB1 expressed in HeLa cells was also confined to the nucleus sparing nucleoli (Figure 7 ; 37), as demonstrated above (Figure 6 ; Control). Deletion of the Nterminal part (DN aa 1 ± 357) of the protein (Figure 7, 38) , reflecting an uncleavable C-terminal mutant ( Figure 8A ) lacking the VEMD-motif, resulted in partial localization to the cytoplasm (Figure 7 ; 38 and Figure 8B ). A C-terminal deletion mutant (DC aa 402 ± 763), on the other side, localized to intranuclear dots with faint homogenous staining throughout the nucleus (Figure 7, 39; Figure 8B ). One up to ten of these structures of differing sizes were observed. Structures were reminiscent of PML-bodies, 56 sometimes appeared in a rim-like shape, similar to staining reported for pathogenic ataxin-1. 57 Possibly, this C-terminal mutant has aggregation capability, reported for ataxin-1, huntingtin, and other proteins affected in neuronal polyglutamine diseases. 57 ± 61 Notably, if we further deleted the C-terminal part (DC aa 223 ± 763, Figure 7 , 40), resulting in an also uncleavable (data not shown) N-terminal mutant lacking the VEMD-motif, a homogenous nuclear staining, indistinguishable from that of fl-SATB1 (Figure 7, 37) , was observed. The N-terminal quarter of the molecule, although lacking a consensus nuclear localization signal, was therefore enough to target SATB1 to the nucleus. Removal of this N-terminal part, however, did only partially result in cytosolic localization (Figure 7, 38) , suggesting more complex mechanisms determining nuclear transport of SATB1, involving proper folding and/or carrier proteins.
The fate of SATB1-mutants during apoptosis
Next, the fate of the mutants during apoptosis was examined. Jurkat cells were transiently transfected with constructs 37 ± 39 or the GFP control vector alone. Twelve hours post transfection, apoptosis was induced by addition of anti-Fas antibody. The transfection efficiencies varied with the vectors, which explained the different signal intensities in Western analysis.
Immunoblotting with anti-GFP mAbs confirmed the result described for GFP-fl SATB1 (Figure 5B ), namely the appearance of a 58 kDa fragment during apoptosis ( Figure 8A, 37 apo) . The same cleavage product was obtained by proteolysis of the C-terminally truncated polypeptide 39, which still harbors the proposed VEMD cleavage sequence. Cells transfected with the N-terminal deletion construct 38, lacking the VEMD motif, expressed an uncleavable protein chimera of 90 kDa ( Figure 8A , 38 apo), though its calculated M r is 75 500. Thus, the Cterminus of SATB1 is responsible for the electrophoretic anomalies, as proposed above ( Figure 5 ). Anti-SATB1 antibodies did only faintly stain overexpressed polypeptide 39, but strongly recognized 38, providing further evidence that the usually observed 70 kDa fragment is of C-terminal origin (data not shown). Morphological changes in 38-and 39-transfected HeLa and Jurkat cells ( Figure 8B and data not shown) during apoptosis were similar to cells transfected with the full length protein chimera ( Figure 6 ). The only difference observed was a delayed disorganization of 39-containing intranuclear domains during apoptosis ( Figure 8B , 90'), resulting in localization of the 58 kDa fragment lining micronuclei at very late stages of cell death ( Figure 8B, 6 h ). 
GFP is cleaved during apoptosis
Unexpectedly, GFP was degraded during apoptosis ( Figure  8A , GFP/GFPapo), resulting in the loss of approximately 2 kDa. Examination of the aa-sequence of GFP revealed the presence of a caspase-6-like cleavage motif VELD, spanning aa 17 ± 20, but no other consensus sequences could be detected. The N-terminal localization of the site was confirmed by the fact, that we never observed GFP alone in apoptotic lysates from mutant-transfected cells. Proteolysis of Figure 7 Intracellular localization of GFP-SATB1 constructs. HeLa cells were transiently transfected with GFP-tagged SATB1 constructs, the structure of which is schematically outlined on the very right. 37, full length SATB1; 38, D aa 1 ± 357; 39, D aa 402 ± 763; 40, D aa 223 ± 763. Amino acid positions at which deletions start or end are indicated on top of the drawings, the domain structure is identical to that shown in Figure 5A . Representative fluorescent images from life cells are shown with the corresponding mixed-light (phase contrast plus fluorescence) pictures. Bar: 10 mm GFP at this site did not influence its fluorescent properties, located in the central part of the protein, thereby exerting no influence on previously described morphological data.
Discussion
Based on recently published data on NMPs affected during apoptosis of serum-starved rat fibroblasts, 45 we studied alterations of the nuclear matrix protein composition by systematically analyzing Fas-mediated cell death in Jurkat T-lymphoblastoid cells (Gerner, in preparation) . Programmed cell death is accompanied by a collapse of nuclear architecture and cleavage of condensing chromatin into oligonucleosomal fragments. These events require disintegration of functional protein-protein and protein-DNA interactions, which maintain an ordered structure of the nucleus in intact interphase cells. M/SAR-binding proteins, commonly referred to as constituents of a nuclear matrix, interact with both, DNA and other NMPs. Three proteins of the MARbinding family have been described as caspase targets during apoptosis ± namely, lamin B, 37 NuMa, 12, 40, 41 and SAF-A. 36 We identified another member, SATB1, to be proteolytically processed in an apoptosis-specific manner, yielding a stable 70 kDa fragment, previously quoted by Martelli et al. 18 which remains associated with the nuclear matrix protein fraction. The cleavage kinetics was similar to that observed for lamin B and comparable to reported cleavage rates of SAF-A. 36 Degradation in all cases started prior to or concomitant with the emergence of oligonucleosomal fragments. 36, 62 Considering the destruction of MAR-binding proteins as a prerequisite of DNA destruction and condensation, the fate of SATB1, though mainly expressed in T-cells, reflected that of the other affected ubiquitously occurring MAR-binding proteins.
Fas-mediated cell death is established as one of the major physiological transducing pathways leading to removal of unwanted cells. With respect to T-cell development, the role of Fas-signaling in peripheral clonal deletion or activation-induced suicide of mature T cells is well established. 63, 64 whereas its contribution to negative selection of thymic cells remains controversial. 65 Inhibitors of key enzymes, such as the protein kinase inhibitor staurosporine, and anti-cancer drugs (in our studies exemplified by the topoisomerase-I inhibitor camptothecin) supplement the rapidly growing list of apoptosis inducers. SATB1 cleavage was observed using these three inducers, involving Fas-and p53-dependent and -independent apoptotic pathways, demonstrating a convergence of pathways leading to exactly the same result. The link is represented by the cascade of pro-caspase activation, putting apoptotic signals into practice in a highly ordered Figure 8 Proteolysis of GFP-SATB1 deletion mutants and cleavage of GFP. (A) Jurkat cells were transiently transfected with constructs 37 to 39 (see Figure 7 ) and GFP control vector only (GFP). Lysates of untreated and antiFas (5 h)-induced cells (suffix apo; 12 h post-transfection) were blotted (7.5% pa) and probed with anti-GFP mAB. Molecular weights in kDa are indicated on the left. (B) Confocal microscopy of control and apoptotic HeLa cells expressing GFP-tagged SATB1 mutants 38 and 39, respectively. Images were taken at various stages throughout apoptosis, induced by staurosporine. Changes in subcellular localization of the uncleavable polypeptide 38 or the Nterminal cleavage product from mutant 39, respectively, were visualized by GFP fluorescence (GFP, left panels) and counterstained for DNA with propidium iodide (DNA, right panels). Bars: 10 mm manner. 3 Inhibitor studies demonstrated that proteolysis of SATB1 is caspase-dependent. The substrate specificities of caspases, having a strict preference for an aspartate (D) residue at the P1-position of common tetrapeptide substrates, have already been investigated in detail. 54, 66 Published in vitro data and mapping of cleavage sites in target proteins has led to the identification of consensus motifs, as e.g. DEVD for caspase-3 or VExD for caspase-6. Nonetheless, evidence exists for cleavage at unconventional sites. 43 In addition, one motif may be cleaved by different caspases with different efficiencies, pointing to an evolutionary relation in sub-groups of the caspase family 54 and the existence of differently branched cascades, dependent on the pro-apoptotic stimulus. 67 Searching consensus motifs in the SATB1 aa-sequence, VEMD starting at aa-position 250, was the only tetrapeptide matching conventional substrate characteristics. VExD is the preferred motif for caspase-6, but has recently been shown to be, though less efficiently, cleaved by caspases 3 and 7 in vitro in keratin 18 68 and by using artificial tetrapeptides. 54 Proteolysis of SATB1, although most abundantly expressed in the thymus, was not restricted to T-cells. At variance with data published most recently by Martelli, 51 we observed fragmentation of SATB1 during apoptosis of unsynchronized promyelocytic HL-60 cells, induced by camptothecin at 1 mM. We could, however, confirm their data on the fate of nucleolin and SAF-A (data not shown). A possible heterogeneity in HL-60 cell clones, differently responding to topoisomerase-I inhibition, might explain our divergent results. Jurkat cells responded to camptothecin (2 ± 5 mM) with a slower proteolysis kinetics of SATB1 and lamin B, a result corroborating our findings in HL-60 cells, that SATB1 is degraded after camptothecin-induced induction of apoptosis, independent of the cell type.
Due to the anomalous electrophoretic mobility of SATB1, migrating at 103 kDa, compared to its calculated size of 84 kDa, cleavage site mapping by simple addition of the molecular weights of fragments seemed impossible. We, therefore, applied a molecular genetic approach for mapping the cleavage site by constructing GFP-SATB1 chimeras and analyzed their fates in apoptosis. This technique offers several advantages for apoptosis research: (a) lack of available antibody to the antigen is circumvented by using commercially available anti-GFP antibodies (b) the N-terminal fragment remains detectable, even if antigen-specific antibodies (primarily mAbs) fail to cross-react (c) due to the relatively large GFP-tag more exact size determination is enabled, if cleavage results in fragments of similar size (d) the fluorescent properties of GFP make it convenient to follow the sub-cellular localization of target proteins during apoptosis in life cells.
The fact, that unexpectedly, GFP itself is a caspase target by virtue, limited our application to using GFP Cterminally fused to proteins for simultaneous analysis of both fragments. GFP is most likely proteolyzed at aa position 18, where a caspase-6 VELD-motif is present, truncating 2 kDa from the very N-terminus. We identified this motif in all GFP-fluorescent shifted mutants commercially available. Nonetheless, cleavage exerted no obvious effect on the fluorescent properties, residing in the middle of the protein.
With respect to SATB1, our data from uncleavable mutants (Figure 8A, 38 ; and clone 40 (data not shown)) suggested that the cleavage site is located in the Nterminal third of the protein, most likely resulting in the degradation at the VEMD sequence by caspases 6, 3 or 7 or a combination of which. Since proteolysis kinetics was similar to that of the well-characterized caspase-6 target, lamin B, 37 caspase-6 was evidently active at this early stage of cell death. Cleavage left a C-terminal fragment still possessing the proposed MAR-binding domain and the homeodomain, 55 possibly responsible for sustained association with the nuclear matrix. This interpretation was corroborated by the finding that deletion of only 11 aa at the N-terminus of the MAR-binding domain 55 resulted in partial localization of the mutant polypeptide to the cytosol ( Figure  7, 38) . Furthermore, the present solubility tests proposed a MAR association of the apoptotic C-terminal fragment. We interpret the insolubility upon DNAse treatment as a result from impaired access of the enzyme to condensed chromatin. Conversely, the DNA-binding domain of another SAR-binding protein, SAF-A, is destroyed by caspase action. 36 Based on microscopic investigation, the Nterminal remnant of SATB1 was undetectable in structures containing condensed chromatin during the various stages of apoptosis up to appearance of apoptotic bodies, independent of the apoptosis-inducing agent used.
Functional analysis of domains in SATB1 is restricted to in vitro MAR-binding capability and regions promoting this characteristic. 27, 55 No function has yet been ascribed to the N-terminal fragment generated by caspase-specific breakdown of SATB1 during apoptosis. Subcellular localization data on SATB1 are scarce and define SATB1 to be distributed throughout K562-cell nuclei in structureless dots. 69 Electron microscopy points to a presence of SATB1 in fibrogranular structures, prominently appearing in apoptotic HL-60 cells, and to an association with condensed chromatin. 70 These data have been generated using anti-SATB1 serum, 27 which according to our experience has very little recognition potential to the Nterminus, a fragment obviously remaining unassociated with chromatin. Transient expression of GFP-constructs iǹ SATB1-negative' HeLa cells demonstrated full length SATB1 to be exclusively and almost homogeneously distributed throughout the nucleus with nucleolar exclusions. Using conventional immunofluorescence microscopy with the anti-SATB1 serum, Neri and co-workers 69 reported a structured, partly granular, distribution of SATB1 in the nucleus. We cannot exclude, that overexpression of GFP-SATB1 in HeLa cells exerted any influence on the subcellular distribution, explaining these divergent results. The intranuclear staining, however, did not change in stably transfected cell clones (data not shown). Furthermore, the N-terminal third of the molecule was sufficient to target the molecule to the nucleus, although deletion of this part did not result in exclusive cytoplasmic localization of the SATB1-mutant. The appearance of nuclear domains, reminiscent of PML-bodies, in cells expressing the Nterminal half of SATB1 might be explained by a high aggregation potential of this polypeptide, although staining was identical in stable transfectants (data not shown). Proper folding or additional protein-protein interactions might play a crucial role in proper nuclear localization.
Recent data point to an interaction of SATB1 with its transcriptional antagonist CDP/Cux, mediated via their MAR-binding domains, 71 at least that of SATB1 remained unaffected by cleavage. Preliminary data from our lab suggest proteolysis of CDP/Cux itself during apoptosis, prospectively affecting its association to SATB1 (Meissner et al. unpublished data). On the other hand, proteolysis of SATB1 might abolish its effect on transcription of target genes, which in part may be mediated by the N-terminal domain. Other M/SAR-binding transcription factors, such as the B-cell-specific Bright binds target sequences in a tetrameric state.
72 SATB1 was proposed to bind in a monomeric state in vitro, 55 which, however, may not reflect in vivo conditions. Possible functional oligomerization might be hampered upon destruction of intact SATB1 during apoptosis.
Inhibition of transcription factors by apoptosis-specific cleavage has been reported in the case of NF-kB, Sp-1, STAT-1, and now for SATB1. 17 To date the most important function ascribed to SATB1 is the transcriptional activation of the CD8-alpha gene. 49 Fas-mediated cell death of misselected CD8 peripheral T-cells occurs only after inactivation of the CD8 gene by methylation. 73 Moreover, continued T-cell receptor/CD8 co-engagement of major histocompatibility complex (MHC) molecules has been described to inhibit death signals for survival of correctly selected Tcells. 73 During thymocyte maturation the absence of a functional, survival supporting, CD8 molecule might be a prerequisite for proper removal of autoreactive cells. CD8 expression, agonized by SATB1, could thus play a crucial role in T-cell survival. In agreement with this proposal, a personal communication, quoted by Martelli 18 and by Banan, 49 on studies in SATB1 knock-out mice reports phenotypic changes, such as a reduced population of T-cells, CD8-positive cells being virtually absent and thymocytes being rendered extremely prone to apoptosis. In terms of biological relevance a, thus, implied antiapoptotic nature of SATB1, activating transcription of CD8 and possibly that of other survival factors, might therefore designate the protein as a caspase target. Impairment of SATB1-mediated transactivation of genes participating in survival activities may contribute to proper execution of cell death.
Materials and Methods Antibodies
Anti-SATB1 rabbit polyclonal serum 27 was a kind gift of Terumi KohwiShigematsu, anti-nucleolin monoclonal antibody (mAb) 3G4B2 was supplied by Roland Foisner. 74 Anti-GAPDH mAb was purchased from Chemicon (Temecula, USA), anti-lamin B1 mAb from Oncogene Research (Cambridge, USA), anti-GFP mAb was obtained from Roche Diagnostics (Mannheim, Germany) and anti-Fas (CD95) mAb from Upstate Biotechnologies (Waltham, USA).
Cell culture and induction of apoptosis/necrosis
Jurkat, HL-60 and HeLa cells were routinely cultivated in RPMI-1640, supplemented with 10% fetal calf serum (FCS) at 378C in a humidified atmosphere containing 5% CO 2 . For induction of apoptosis Jurkat, HL-60 and HeLa cells were washed in serum-free medium and re-seeded at a density of 10 5 cells/ml in medium containing 1% FCS. Apoptosis was induced 15 min thereafter by addition of either anti-Fas (CD95) antibody (100 ng/ml) or camptothecin (Sigma, St. Louis, USA) to final concentrations of 1 mM (HL-60) or 5 mM (Jurkat), Staurosporine (Calbiochem, LaJolla, USA) was used at 1.25 mM. Parallel induction of apoptosis and necrosis was done as previously described by Leist et al. 75 except that the medium contained 1% FCS and was free of glucose. In apoptosis inhibition assays, cells were pre-incubated for 30 min with protease inhibitors (100 mM, except z-VAD-fmk [1 and 10 mM] and DEVD-CHO [200 mM] prior to application of anti-Fas antibody. All inhibitors were purchased from Calbiochem (LaJolla, USA).
Subcellular fractionation
Apoptotic and control Jurkat cells were washed twice with PBS. Total cellular lysates were obtained by dissolving the cell pellet (170 g, 5 min) in 26SDS ± PAGE sample buffer (40 mM Tris-HCl, pH 6.8, 2% SDS, 2% b-mercaptoethanol, 10% glycerol, 20 mM DTT, 0.5% bromophenol-blue) with subsequent heating to 958C. For preparation of cytosol cells were lysed in 0.05% Nonidet P-40 in hypotonic buffer (10 mM HEPES/NaOH, pH 7.4, 10 mM NaCl, 3 mM MgCl 2 ). Nuclei were pelleted at 170 g for 10 min and the resulting supernatant centrifuged at 100 0006g for 60 min to yield the supernatant cytosol. The detergent-soluble fraction was prepared by extracting cells in a mixture of 0.4% sodium-deoxycholate (DOC) and 0.5% Triton X-100 in hypotonic buffer for 5 min on ice. The homogenate was centrifuged at 2006g for 5 min and the nuclear pellet incubated in nuclease digestion buffer (10 mM PIPES, pH 6.8, 50 mM NaCl, 3 mM MgCl 2 , 0.25% Triton X-100, 300 mM sucrose) including 40 mg/ml of DNAse I (Sigma, St. Louis, MO, USA) in the absence or presence of 200 mM distamycin A (Sigma, St. Louis, MO, USA) for 15 min at RT. Insoluble protein was removed by centrifugation at 5006g for 5 min. The nuclear matrix protein fraction was prepared as has been described in more detail by Gerner. 76 
Transfection
HeLa transfectants were obtained by liposome-mediated genetransfer using Tfx-20 (Promega, Mannheim, Germany) according to manufacturer's instructions. Jurkat cells were transfected by electroporation (EasyJect, EquiBio, Kent, UK) using a single pulse at 400 Volts and 1050 mF. Twelve hours later viable cells were collected by a standard Ficoll-Paque technique. 77 Transiently transfected cells were viewed life under the fluorescence microscope or processed for confocal microscopy as described below.
Scoring of apoptosis and viability
Cells were harvested by combining floating and moderately adhering cells, washed twice in PBS, fixed for 10 min in 2% formaldehyde/PBS at room temperature, permeabilized with PBS/0.2% Triton X-100 for 1 min and were stained in 1 mg/ml Hoechst-33258 (Calbiochem, LaJolla, USA) for 2 min. The percentage of cells displaying typical apoptotic nuclear morphology (crescent shaped condensed chromatin lining nuclear periphery; apoptotic bodies) was then determined empirically under the fluorescence microscope (Nikon Eclipse TE300). The Trypan-Blue (Sigma, St. Louis, MO, USA) exclusion assay was used to determine cellular viability.
Two-dimensional electrophoresis, SDS ± PAGE, and immunoblotting
High resolution 2-D electrophoresis, SDS ± PAGE and immunostaining was performed essentially as described. 74 Polyacrylamide concentrations of 7.5 or 10%, respectively, were used as indicated. Anti-SATB1 serum was diluted 1 : 3.000, anti-GAPDH, anti-nucleolin and anti-lamin B mAbs all were diluted 1 : 1.000 for Western analysis.
Fluorescence microscopy
For confocal microscopy, HeLa cells transfected with GFP-chimeras were grown on coverslips, fixed in 2% formaldehyde/PBS for 20 min at RT and permeabilized in 0.5% Triton X-100/PBS for 5 min. Counterstaining of DNA was done with propidium iodide (Sigma, St. Louis, MO, USA). Jurkat cells and apoptotic HeLa cells were treated alike but were sedimented on adhesion slides (BioRad, Hercules, USA) by gravitational force. Cells were viewed with the MRC 600 confocal microscope (BioRad, Hercules, USA). Conventional fluorescence microscopy of life cells was performed on a Nikon Eclipse TE300 inverted light microscope without prior treatment.
